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INTRODUCTION 

The  broad  purpose  of  this  work  is  to  understand  the  genetic  basis  of  fracture  risk.  In 
order  to  accomplish  this  goal,  we  are  working  to  detect  and  identify  genes  whose  segregation 
alters  bone  biomechanical  performance  in  young  adult  mice.  Two  crosses  are  being  analyzed; 
the  first  is  an  intercross  of  recombinant  congenic  strains  HcB/13  X  HcB/14.  These  strains  each 
carry  1/8  of  their  genomes  from  C57BL/10ScSnA  and  the  remainder  from  C3H/DiSnA.  HcB/13 
and  HcB/14  are  highly  divergent  in  their  bone  properties,  but  only  ~l/4  of  the  genome  segregates 
in  this  cross,  allowing  analysis  of  epistatic  interactions  in  a  moderately  sized  cross.  The  second 
cross  is  between  outbred  B6C3fFe-a/a-Cola2om/+  heterozygotes  and  B6C3/F e-a/a  FI  animals. 
The  B6C3  background  is  closely  related  to  the  HcB/Dem  system.  In  both  cases,  bones  from  4 
month  animals  will  be  phenotyped  by  3 -point  bend  testing,  radiographic  analysis,  ash 
percentage,  Fourier-transformed  infrared  spectroscopy,  and  histomorphometry.  Histograms  of 
the  trait  values  will  be  used  to  select  animals  for  use  in  linkage  mapping,  which  will  then  be 
carried  out  using  the  QTL  Cartographer  software  suite.  Linkage  mapping  of  distributed 
microsatellite  markers  will  be  supplemented  by  markers  isolated  through  representational 
difference  analysis  of  phenotypically  extreme  animals  from  each  cross.  QTLs  identified  in  both 
crosses  will  be  isolated  through  the  generation  of  congenic  lines  by  marker-assisted  selection. 
The  approach  taken  in  this  work  expands  on  earlier  investigations  of  bone  genetics  in  that 
biomechanical  performance  is  a  primary  endpoint  and  that  pleiotropy  testing  of  biomechanical 
outcomes  and  sub-phenotypes  relates  QTLs  to  specific  components  of  bone  strength. 

BODY 

Statement  of  Work  Item  1:  Intercross  between  HcB/13  and  HcB/14 

Progress  on  this  item  was  delayed  approximately  6  months  last  year  due  to  issues  arising 
from  my  relocation  to  the  University  of  Wisconsin.  In  last  year’s  progress  report,  we  anticipated 
being  able  to  make  up  approximately  3  months  during  the  past  year. 

We  have  genotyped  approximately  50  additional  markers  in  the  HcB/Dem  strains.  We 
expect  that  an  additional  50  markers  will  be  analyzed  within  the  next  2  months.  This  will 
accomplish  the  additional  genotyping  portion  of  aim  1.  The  delay  in  completing  the  genotyping 
is  due  not  to  a  problem,  but  to  simultaneous  performance  of  the  Aim  1  genotyping  and  the  Aim  2 
genotyping  (see  next  section). 

We  have  generated  the  13  X  14  and  14  X  13  FI  populations.  We  have  generated 
approximately  —2/3  of  the  13  X  14  arm  of  the  F2  population,  but  only  -1/10  of  the  14  X  13  arm 
of  the  F2  population.  In  the  statement  of  work,  we  specified  that  a  reciprocal  cross  would  be 
generated  and  analyzed.  The  poor  breeding  of  the  14  X  13  arm  relative  to  the  13  X  14  arm 
demonstrates  the  biological  differences  arising  from  whether  specific  alleles  are  inherited 
maternally  or  paternally.  In  order  to  overcome  this  breeding  problem,  we  have  increased  the 
number  of  14  X  13  FI  matings.  We  expect  all  mice  to  be  bred  and  sacrificed  by  mid-autumn. 
We  expect  micro-CT  and  mechanical  testing  to  be  completed  by  the  end  of  2002. 
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Statement  of  Work  Item  2:  Genetic  Characterization  of  Colla20,m/+  heterozygotes 

Two  completementary  approaches  are  being  pursued  to  achieve  this  aim.  The  first  is  to 
genotype  our  previously  generated  population  of  225  Colla20,m/+  heterozygotes  using 
informative  microsatellite  markers  and  use  these  genotypes  and  phenotypic  data  from  these 
animals  to  map  modifiers  of  bone  strength.  The  second  is  to  generate  markers  linked  to  putative 
modifiers  of  bone  strength  by  representational  difference  analysis  (RDA).  We  have  made 
progress  using  both  approaches. 

We  have  completed  approximately  14  of  the  microsatellite  marker  genotyping  for  the 
population  and  expect  this  to  be  completed  sometime  in  June.  Linkage  analysis  once  the 
genotypes  have  been  generated  will  require  less  than  1  month.  We  have  exploited  the 
observation  of  phenotypic  attenuation  of  Colla2om/om  homozygotes  by  using  the  outbred  and 
partially  inbred  Colla2oim/oim  animals  to  generate  the  DNA  pools  for  this  task,  rather  than  the 
extreme  animals  of  the  Colla2oim/+  heterozygote  population.  We  have  generated  collections  of 
fully  subtracted  clones  using  2  different  restriction  enzymes.  Subtraction  is  still  in  progress  with 
a  3rd  restriction  enzyme.  We  are  presently  characterizing  the  clones  obtained  to  date,  in  order  to 
limit  testing  these  for  association  with  bone  strength  to  those  shown  not  to  be  repetitive 
sequences,  cloning  artifacts,  or  sequences  that  escaped  subtraction.  We  expect  to  have 
completed  the  RDA  experiments,  including  tests  of  association  by  mid-autumn  of  2002.  It 
should  be  noted  that  use  of  the  outbred  and  partially  inbred  Colla2oim/oim  animals  to  perform  this 
experiment  strengthens  the  experiment,  as  different  populations  of  animals  are  being  used  to 
generate  (homozygotes)  and  test  (heterozygotes)  RDA-derived  markers  for  association  with  bone 
strength. 

Statement  of  Work  Item  3:  Initiation  of  Breeding  to  Generate  Congenic  Lines 

This  aspect  has  not  yet  begun,  as  it  is  contingent  on  mapping  data  from  statement  of  work 
item  1.  This  was  not  expected  to  begin  until  late  in  year  3  or  year  4,  and  we  do  not  believe  that 
this  timetable  requires  modification. 

Modification  of  Statement  of  Work  in  View  of  Research  Performed  to  Date 

Three  changes  in  the  statement  of  work  are  proposed  as  a  result  of  the  past  year’s  events: 

First,  the  timeline  for  the  intercross  must  be  extended  because  of  the  poor  breeding 
performance  in  the  HcB/14  X  HcB/13  arm  of  the  cross.  This  delays  task  c  of  item  1  by  6  to  9 
months.  Item  d  of  item  1  will  be  delayed  approximately  3  months.  Items  e  and  f  are  not 
expected  to  be  delayed. 

Second,  item  2’s  RDA  experiments  have  been  performed  with  outbred  and  partially 
inbred  Colla2oim/oim  animals  rather  than  heterozygous  animals  as  originally  proposed.  Part  c  of 
the  item  2  statement  of  work  is  approximately  3  months  behind  schedule.  Completion  of  part  d 
of  this  item  is  not  expected  to  be  delayed.  As  noted  above,  the  change  in  choice  of  DNAs  to  be 
used  for  this  portion  of  the  proposed  experiment  strengthens  the  experimental  design,  as  the 
RDA  markers  are  derived  from  1  set  of  animals  and  tested  in  a  distinct  population. 

Third,  genotyping  and  mapping  the  Colla2oim/+  heterozygous  animals  is  progressing 
nicely  and  is  being  done  in  addition  to  the  items  outlined  in  the  original  statement  of  work.  We 
expect  that  this  will  be  completed  sometime  in  year  3. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Observation  that  HcB/13  X  HcB/14  matings  are  more  productive  than  HcB/14  X  HcB/13 
matings. 

•  Generation  of  RDA  products  from  outbred  and  partially  inbred  Colla20,m/om  pooled  DNAs 

•  Genotyping  at  ~50  loci  for  HcB/Dem  series  and  the  225  Colla20,m/+  heterozygous  animals 

•  Observation  of  differences  in  collagen  cross-link  maturity  and  crystallinity  between  HcB/8 
and  HcB/23,  a  pair  of  strains  in  which  calculated  tissue  strength  differs  markedly  in  spite  of 
similar  ash  percentages.  These  FTIR  indices,  since  they  are  independent  of  the  5  traits 
mapped  simultaneously  in  the  HcB/Dem  strain  survey  (mass,  failure  load,  structural  stiffness, 
ash  percentage,  and  cross-sectional  moment  of  inertia)  can  be  added  to  linkage  maps  in 
seeking  potential  pleiotropic  bone-strength  related  loci. 

REPORTABLE  OUTCOMES 

Manuscripts 

The  preliminary  data  included  in  the  original  application  for  this  award  are  reported  in  a 
manuscript  published  in  The  Journal  of  Bone  and  Mineral  Research  [1].  This  manuscript  was  in 
press  at  the  time  of  last  year’s  report  and  was  included  as  an  appendix  at  that  time. 

A  perspective  [2]  arising  from  a  report  by  Beamer  and  associates  [3]  was  published  in  The 
Journal  of  Bone  and  Mineral  Research.  This  manuscript  was  in  press  at  the  time  of  last  year’s 
report  and  was  included  as  an  appendix  at  that  time. 

The  manuscript  describing  the  use  of  GC-clamps  as  an  aid  to  the  design  of  denaturing  high 
performance  liquid  chromatography  submitted  to  Clinical  Chemistry  has  still  not  been  published. 
The  reviewers  requested  significant  revisions  of  the  manuscripts-  primarily  directed  at 
shortening  the  report  to  approximately  %  of  its  present  length.  The  co-authors  have  not  yet 
approved  the  revised  manuscript.  While  not  a  component  of  the  approved  Statement  of  Work, 
this  work  nevertheless  could  not  have  been  accomplished  without  this  award. 

An  original  manuscript  [4]  describing  the  inhibitory  effects  of  sulfate  on  in  vitro  mineralization 
was  published  during  the  past  year.  It  is  included  as  appendix  1 .  While  not  a  component  of  the 
approved  Statement  of  Work,  the  investigation  was  greatly  facilitated  by  this  award. 

An  original  manuscript  describing  Fourier  Transform  Infrared  spectroscopic  data  from  the  HcB/8 
and  HcB/23  recombinant  congenic  strains  is  nearly  ready  for  submission.  While  study  of  this 
pair  of  strains  was  not  included  in  the  approved  Statement  of  Work,  the  large  differences  in  the 
calculated  tissue  strength  of  bones  from  these  strains  prompted  our  choice  of  these  strains  for 
initial  investigation  of  collagen  cross-link  maturity  and  crystallinity  in  these  strains.  Support 
provided  by  this  award  was  invaluable  in  performing  these  studies.  A  draft  is  included  as 
appendix  2.  Please  note  that  the  manuscript  still  is  under  review  by  co-authors  and  that  the 
discussion  will  likely  be  amplified  prior  to  submission. 
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Abstracts 

Representational  difference  analysis  comparison  of  fully  outbred  Cola2°im  0,m  homozygotes  and 
partially  inbred  Cola2otm/om  homozygotes  was  presented  as  a  poster  at  The  American  Society  for 
Bone  and  Mineral  Research  2001  annual  meeting  and  was  included  as  an  appendix  in  last  year’s 
annual  report. 

Geometry  as  a  Heritable  Determinant  of  Bone  Strength  was  presented  as  a  poster  at  The 
American  Society  for  Bone  and  Mineral  Research  2001  annual  meeting  and  was  included  as  an 
appendix  in  last  year’s  annual  report. 

Genotypic  and  Phenotypic  Characterization  of  Mouse  Bone  was  presented  orally  at  the  Care  and 
Characterization  of  Genetically  Engineered  Mice  and  Comparative  Pathology  in  Functional 
Genomics  Co-Conferences  sponsored  by  the  NIH-OLAW  and  the  C.L.  Davis,  DVM  Foundation 
at  The  Baylor  College  of  Medicine,  February  12-16,  2002.  The  slides  from  this  presentation 
were  published  in  the  conference  proceedings.  The  file  containing  the  presentation  will  be 
provided  at  your  request. 

Collagen  Cross-Link  Maturity  and  Crystallinity  Indices  Differ  Markedly  in  Recombinant 
Congenic  Mice  Having  Divergent  Calculated  Tissue  Strength  has  been  submitted  as  an  abstract 
to  The  American  Bone  and  Mineral  Research  2002  annual  meeting  and  is  included  as  appendix 
3. 

Patents  and  Licenses 
None 

Degrees  Granted 
None 

Cell  Lines  and  other  Biological  Reagents 
None 

Informatics  Resources  and  Models 
None 

Other  Funding 

An  application  entitled  “Phenotypic  Attenuation  in  Murine  Osteogenesis  Imperfecta”  was 
submitted  to  the  NIH  and  assigned  number  AR48324.  This  application,  with  some  modification, 
was  also  submitted  to  the  March  of  Dimes  Birth  Defects  Foundation.  Both  applications  are 
pending,  with  funding  decisions  expected  in  October,  2002  and  May,  2002,  respectively.  The 
NIH  application  was  revised  to  address  comments  arising  from  the  original  submission,  which 
was  not  funded. 

An  application  entitled  “The  Role  of  Genetic  Background  in  Skeletal  Adaptation  to  Increased 
and  Decreased  Loading”  was  submitted  by  Dr.  M.  C.  H.  van  der  Meulen  to  NASA  and  includes 
me  as  a  consultant.  This  application  relies  on  the  divergence  of  HcB/13  and  HcB/14  bone 
properties.  This  application  was  not  funded. 
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A  new  application,  entitled  “Genetics  of  Bone  Tissue  Material  Properties  in  Mice”  was 
submitted  to  the  Department  of  Veterans’  Affairs  Merit  Review  program  in  December,  2001. 
While  a  final  funding  decision  is  still  pending  for  this  application,  it  was  judged  on  review  to  be 
“highly  meritorious  and  likely  to  receive  funding”  beginning  in  October,  2002.  A  final  funding 
decision  is  anticipated  by  July,  2002.  The  application  was  modeled  on  the  USAMRAA  project 
and  if  funded,  will  allow  a  second  intercross,  between  HcB/8  and  HcB/23  to  be  undertaken. 

In  July,  2001,  I  received  a  University  of  Wisconsin/Howard  Hughes  Medical  Institute  Faculty 
Development  Award.  This  2  year  award  provides  flexible  funds. 

Employment  and  other  Research  Opportunities 
None 

CONCLUSIONS 

While  work  remains  on-track  with  regard  to  statement  of  work  item  2,  item  1  remains 
significantly  behind  schedule.  Some  of  this  tardiness  arose  from  my  laboratory’s  relocation  to 
the  University  of  Wisconsin,  but  in  addition  to  that,  one  arm  of  the  reciprocal  intercross  proposed 
has  bred  poorly.  We  expect  to  complete  the  proposed  overall  work  on  schedule  in  spite  of  this. 

In  addition,  the  findings  that  collagen  cross-link  maturity  and  crystallinity  apparently 
reflect  differences  in  bone  tissue  strength  have  provided  a  potential  mechanism  for  explaining 
differences  in  bone  tissue  strength  that  are  independent  of  mineral  content.  This  observation  is 
the  basis  of  a  highly  scored  VA  Merit  Review  application  in  which  we  will  study  a  reciprocal 
intercross  of  HcB/8  and  HcB/23,  focusing  on  tissue  strength  rather  than  structural  strength. 

Ultimately,  biomechanical  performance  under  physiologic  stresses  is  the  single  most 
important  property  of  bone  from  the  clinical  perspective.  Prediction  of  biomechanical 
performance  is  potentially  important  in  the  military  setting  in  order  to  match  personnel  with  duty 
assignments  that  they  can  perform  effectively  with  minimal  risk  of  injury. 
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Abstract 

Differentiating  chick  limb-bud  mesenchymal  cell  micro-mass  cultures  routinely  mineralize  in  the  presence  of  10%  fetal  calf 
serum,  antibiotics,  4  mM  inorganic  phosphate  (or  2.5  mM  p-glycerophosphate),  0.3  mg/ml  glutamine  and  either  25  p-g/ml 
vitamin  C  or  5-12  p,g/ml  vitamin  C-sulfate.  The  failure  of  these  cultures  to  produce  a  mineralized  matrix  (assessed  by 
electron  microscopy,  45Ca  uptake  and  Fourier  transform  infrared  microscopy)  led  to  the  evaluation  of  each  of  these  additives. 
We  report  here,  that  the  ‘stable’  vitamin  C-sulfate  (ascorbic  acid-2-sulfate)  causes  increased  sulfate  incorporation  into  the 
cartilage  matrix.  Furthermore,  the  release  of  sulfate  from  the  vitamin  C  derivative  appears  to  be  responsible  for  the  inhibition 
of  mineral  deposition,  as  demonstrated  in  cultures  with  equimolar  amounts  of  vitamin  C  and  sodium  sulfate.  ©  2001  Elsevier 
Science  B.V./Intemational  Society  of  Matrix  Biology.  All  rights  reserved. 

Keywords:  Ascorbic  acid;  Ascorbic-acid-2  sulfate;  Vitamin.  C;  Mineralization;  Cell  culture 


1.  Introduction 

Ascorbic  acid  (vitamin  C)  is  an  obligatory  require¬ 
ment  in  cultures  of  differentiated  osteoblasts  (Dean 
et  al.,  1994;  Franceschi  et  al.,  1995;  Siggelkow  et  al., 
1999;  Torii  et  al.,  1996;  Tullberg-Reinert  and  Jundt, 
1999)  and  chondrocytes  (Boskey  et  al.,  1991b;  Hall, 
1981;  Leboy  et  al.,  1989;  Shapiro  et  al,  1991;  Sullivan 
et  al.,  1994;  Venezian  et  al.,  1998)  where  it  is  a 
co-factor  for  collagen  hydroxylases  (Tschank  et  al., 
1994),  an  activator  of  alkaline  phosphatase  gene  ex¬ 
pression  (Leboy  et  al.,  1989;  Venezian  et  al.,  1998) 
and  a  stimulator  of  chondrocyte  maturation  (Leboy  et 
al.,  1997).  Because  vitamin  C  is  rapidly  oxidized  to 
form  toxic  ascorbyl  radicals  (Makino  et  al.,  1999)  it 
must  be  prepared  fresh  before  each  charge  of  cell 
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culture  medium.  Vitamin  C  persists  in  cultured  tis¬ 
sues  for  approximately  24  h,  although  it  is  detectable 
in  tissue  culture  medium  for  only  2  h  (Roach  et  al., 
1985).  Addition  of  fresh  vitamin  C  is  not  possible  for 
cell  culture  experiments  carried  out  in  bioreactors  on 
board  the  space  shuttle  or  in  biosatellites.  To  cir¬ 
cumvent  this  problem,  following  preliminary  evalua¬ 
tion,  vitamin  C-sulfate,  a  reportedly  stable  derivative 
of  vitamin  C  (Machlin  et  al.,  1976;  Tolbert  et  al, 
1975),  was  used  in  chondrocyte  cultures  flown  on  the 
several  NASA  shuttle  missions  (Doty  et  al.,  1999). 
Recently,  to  save  technician  time,  we  replaced  the 
addition  of  fresh  vitamin  C  with  vitamin  C-sulfate  for 
ground-based  laboratory  experiments.  We  report  here 
that  vitamin  C-sulfate  inhibits  matrix  mineralization 
of  differentiating  mesenchymal  cell  micro-mass  cul¬ 
tures  supplemented  with  inorganic  phosphate  or  p- 
glycerophosphate,  without  having  effects  on  cell  vi¬ 
ability,  overall  matrix  synthesis,  or  alkaline  phos¬ 
phatase  activity. 
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2.  Materials  and  methods 

2.1.  Cell  culture  methodology 

Chick  limb-bud  mesenchymal  cells  were  isolated 
from  stage  21-24  (Hamburger  and  Hamilton,  1951) 
fertilized  White  Leghorn  eggs  (Truslow  Farms, 
Chestertown,  MD)  as  described  in  detail  elsewhere 
(Boskey  et  al.,  1992b).  The  eggs  were  maintained  m  a 
humidified  incubator  at  37°C  for  4.5  days.  The  em¬ 
bryos  were  then  sterilely  withdrawn  from  the  eggs  and 
their  limb  buds  removed  into  0.9%  USP  grade  saline 
(Abbott  Laboratories,  N  Chicago,  IL).  Cells,  released 
from  the  limb  buds  by  digestion  with  5  ml  0.25  wt.% 
trypsin-0.53  mM  EDTA  (GIBCO,  Grand  Island,  NY), 
were  separated  from  debris  by  passage  through  two 
layers  of  20-p.m  Nitex  membrane  (Tetko  Inc.,  Ardsley, 
NY).  Cells  were  counted  with  a  hemocytometer, 
checked  for  viability  by  trypan  blue  dye  exclusion  and 
pelleted  in  the  cold  at  2300  rev/min.  In  all  cases, 
viability  was  greater  than  or  equal  to  97%.  Cells  were 
resuspended  in  medium  containing  1.3  mM  Ca  and 
plated  using  the  micro-mass  technique  (Ahrens  et  al., 
1977),  at  a  density  of  0.75  million  cells  per  20  p.1  drop 
in  35  X 10  mm  Falcon  dishes  and  allowed  to  attach 
for  2  h  in  a  humidified  atmosphere  of  5%  COz  at 
37°C  After  2  h,  Dulbecco’s  modified  essential  medium 
(DMEM,  GIBCO  Formula  80-0303 A,  Grand  Island, 
NY)  which  initially  contained  1  mM  inorganic  phos¬ 
phate  and  0.3  mM  calcium,  was  adjusted  to  have  final 
concentrations  of  1.3  mM  calcium  chloride,  1000  mg/1 
glucose  and  50  units/ml  penicillin  and  25  jig/ml 
streptomycin,  10%  fetal  calf  serum  (GIBCO,  Grand 
Island,  NY)  and  0.3  mg/ml  glutamine.  Mineralizing 
cultures  were  further  supplemented  with  3  mM  inor¬ 
ganic  phosphate  from  day  2  onward,  making  the  total 
inorganic  phosphate  content  4  mM.  In  preparation 
for  a  NASA  space  flight,  the  cultures  were  maintained 
in  a  CellMax  Quad  artificial  capillary  cell  culture 
system  (Cellco,  Inc.,  Germantown,  MD),  consisting  of 
a  chamber  to  contain  cells  flushed  with  medium  at 
controlled  temperatures  and  pressure.  Medium  con¬ 
taining  2.5  mM  (3-glycerophosphate  was  recycled 
through  the  chambers  at  a  rate  of  6  ml/min.  Half  of 
the  chambers  received  25  pg/ml  vitamin  C,  prepared 
fresh  with  each  medium  change,  with  the  medium 
bottles  changed  every  2  days.  The  other  half  received 
5  p,g/ml  vitamin  C-sulfate  prepared  once  and  recy¬ 
cled  for  the  length  of  the  experiment.  Based  on  the 
results  of  that  study  (Fig.  1),  vitamin  C-sulfate  was 
used  for  NASA  experiments.  For  the  purpose  of  the 
study  reported  here,  the  vitamin  C  supplements  (de¬ 
scribed  below)  were  added  with  every  medium  change 
from  day  2.  Non-mineralizing  cultures  received  no 
-  phosphate  supplements  but  did  receive  the  ascorbate 
supplements.  Medium  was  changed  every  48  h.  Cul- 


Fie  1  45  Ca  uptake  in  differentiating  chick-limb  bud  mesenchymal 
cell  cultures,  maintained  in  Cell-Max  cartridges  for  15  days,  in  the 
presence  of  recirculating  medium  with  (open  squares)  2a  pg/ml 
(0  28  pM)  vitamin  C  (AA)  changed  every  2  days,  or  (closed  circles) 
5  u.g /ml  vitamin  C-sulfate  (AAS,  0.05  pM).  The  dotted  Ime  is  fitted 
to  both  sets  of  data.  No  significance  differences  were  detected  at 


nmnt 


tures  were  maintained  for  21  days  with  day  0  referring 
to  the  day  of  plating. 

2.2.  Vitamin  C  additives 

Vitamin  C  [sodium  ascorbate  (Sigma  Chemicals,  St 
Louis,  MO)],  vitamin  C-sulfate  [sodium  ascorbate-2- 
sulfate  (Sigma  Chemicals,  St  Louis,  MO)]  stored  at 
-20°C  as  per  manufacturers  directions)  or  vitamin  C 
plus  an  equal  molar  concentration  of  sodium  sulfate 
(Fisher  Chemicals,  Springfield,  NJ)  were  added  to 
cultures  in  concentrations  of  25,  12.5  or  5  [Lg/m. 
Vitamin  C  was  also  added  at  a  concentration  of  5 
ag/ml  To  determine  whether  the  Vitamin  C-sulfate 
degraded  ‘on  the  shelf,  in  some  experiments  the 
reagent  which  was  acquired  in  1995  (old)  and  was  still 
valid  according  to  the  manufacturer,  was  used,  while 
in  others  the  vitamin  C-sulfate  was  used  within  1 
week  of  receipt  from  the  manufacturer  and  prepared 
fresh  with  each  change  of  medium  (fresh).  Another 
batch  of  cultures  received  this  same  vitamin  C-sulfate 
prepared  at  the  start  of  the  experiment,  but  not 
remade  for  each  change  of  medium  (new).  In  another 
set  of  experiments,  the  ‘new’  reagent  was  heated  at 
60°C  for  4  h  to  accelerate  any  breakdown.  Cultures 
prepared  from  the  same  cell  preparation  but  main¬ 
tained  with  the  different  vitamin  C  sources  were 
collected  for  analyses  on  days  5,  12,  16,  19  and  21. 
Cell  viability  and  the  ability  to  form  chondrocyte 
nodules  was  determined  on  day  5,  based  on  propid- 
ium  iodide  and  alcian  blue  staining,  respectively. 

2.3.  Matrix  and  cell  parameters 

Cell  and  matrix  morphology  and  mineral  localiza¬ 
tion  were  analyzed  by  transmission  electron  micro- 
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scopy  (TEM).  Samples  were  washed  first  with  0.05  M 
cacodylate  buffer  and  then  fixed  in  the  culture  dish 
for  12-18  h  at  4°C  in  EM  fixative  (0.5%  glutaralde- 
hyde,  2%  paraformaldehyde,  0.05  M  pH  7.2  cacody¬ 
late  buffer).  After  removal  of  the  fixative,  samples 
were  stored  at  4°C  in  0.05  M  cacodylate  buffer  con¬ 
taining  7%  sucrose.  Fixed  cultures  were  removed  from 
the  dish,  post-fixed  with  2%  aqueous  osmium,  dehy¬ 
drated  in  a  graded  series  of  alcohols  and  embedded  in 
Spurr’s  resin.  Thin  sections  were  collected  on  water 
containing  bromthymol  blue  as  an  indicator  for  pH 
above  8.0  to  prevent  mineral  dissolution.  Sections 
stained  with  lead  citrate  and  alcoholic  uranyl  acetate 
were  examined  on  a  Philips  CM12  electron  micro¬ 
scope  and  representative  micrographs  photographed 

for  presentation.  .  . 

Matrix  properties  in  cultures  treated  with  different 
supplements  were  measured  on  day  16.  Specifically, 
total  proteoglycan  content  was  determined  using  a 


modification  of  the  dimethylene  blue  staining  method 
(Farndale  et  al.,  1982),  with  relative  values  reported 
as  absorbance  at  595  nm.  To  determine  the  extent  of 
proteoglycan  sulfation,  parallel  dishes  labeled  at  day 
15  with  35S04  (1  uCi/ml)  for  16  h  were  subjected  to 
the  dimethylene  blue  staining  procedure  and  the  radi- 
olabelled  dimethylene  blue-proteoglycan  complex  ex¬ 
tracted  into  4  M  guanidine  hydrochloride  and  an 
aliquot  of  the  extract  subjected  to  scintillation  count¬ 
ing.  Data  was  expressed  as  35S04/proteoglycan  absor¬ 
bance.  Collagen  hydroxyproline  was  measured  in  0.1- 
mg  aliquots  of  lyophilized  mineralizing  day  16  cul¬ 
tures.  Cultures  were  hydrolyzed  in  6  N  HC1  in  vacuo, 
after  flushing  with  nitrogen,  at  110°C  for  24  h.  An 
aliquot  of  each  hydrolysate  was  then  analyzed  for 
hydroxyproline  on  a  Varian  HPLC  9012/9050  con¬ 
figured  as  an  amino  acid  analyzer  (AA911  column, 
Interaction)  with  ninhydrin  color  development  at 
135°C  monitored  at  440  nm  (Uzawa  et  al.,  1998).  Data 
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Fig.  2.  Morphological  differences  between  in  vitro  cart^8®  gro^h  iinhe^esence  of  vit^amm  C(Fig.j^.c)^and^  typj^dappearance 

C-sulfate  (Fig.  2b, d).  Fig.  2a, b  are  control,  non-mmerahzmg  cultures  and  fig  mitochondria,  etc.)  and  significant  space 

with  vitamin  C  shows  chondrocytes  with  normal  cytology  (i.e.  endoplasm  chondrocytes  grown  in  the  presence  of  12.5  pg/ml  vitamin 

between  each  cell  which  is  filled  with  coUagen  fibers  -d  proteog  y^ns^  bl  These  ^n^es^gro^  P  ^  a  ^  ^  are 

C-sulfate  show  membrane  bound  cytoplasmic  inclusions  (arrows  scattered  among ;  the  norma >  W  g  2a.  (0 

closely  positioned  to  each  other  because  of  reduced  matnx  vo u“e matrix.  A  calcific  deposit  has 
Typical  day  21  mineralizing  culture  with  vitamin  C.  The  minera  P  y  content  (d)  Mineralizing  culture  treated  with 

£Ld  In  .he  cartilage  matrix  adjacent  ,n  a  chn.dto^e  «»h  non»d  .JW  the  collagen  ftas. 

noted. 
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were  expressed  as  nmoles  hydroxyproline  per  mg  dry 
culture  weight. 

Alkaline  phosphatase  activity  (Sigma  Test  Kit  104- 
LL,  SigmaDiagnostics,  St  Louis,  MO)  was  monitored 
on  day  12.  The  cultures  were  washed  twice  with  0.9% 
sodium  chloride  and  digested  at  room  temperature 
for  30  min  in  a  buffer  containing  0.15  M  pH  9.0-Tris, 
0.1  mM  magnesium  chloride,  0.1  mM  zinc  chloride 
and  1%  Triton.  The  cultures  were  broken  apart  with  a 
cell  scraper  and  the  incubation  repeated  and  the 
activity  of  the  total  extract  measured  using  p-nitro- 
phenyl-phosphate  as  the  substrate. 

2.4.  Mineral  analyses 

The  accumulation  of  mineral  in  the  cultures  was 
assayed,  as  detailed  elsewhere  (Boskey  et  al.,  1992b, 
1996,  1997b)  based  on  45  Ca  uptake  (expressed  per 
total  culture).  In  brief,  45  Ca  uptake  was  determined 
for  each  micromass  culture  spot,  following  hydrolysis 
of  the  spot  in  2  N  HC1  (2  h,  60°C)  and  scintillation 
counting.  Uptake  was  expressed  as  percentage  of  min¬ 
eralizing  control  cultures  at  day  21.  The  presence  of 
mineral  was  also  validated  by  Fourier  transform  in¬ 
frared  microspectroscopy,  FT-IR  (Boskey  et  al., 
1992a).  FTIR  imaging  and  microscopy  studies  were 
done  on  fresh  cultures,  placed  and  air  diyed,  on 
barium  fluoride  IR  windows.  Spectra  were  recorded  at 
20-p.m  resolution  using  a  BioRad  Infrared  Spec¬ 
trometer  (Cambridge,  MA)  with  an  MCT  detector. 

2.5.  Statistical  evaluation 

Each  experiment  was  performed  at  least  in  tripli¬ 
cate,  with  three-four  dishes  of  each  condition  for 
each  time  point  for  each  individual  experiments.  In 
each  independent  experiment,  the  average  for  each 
condition  at  each  time  point  was  calculated  and  these 
average  values  used  to  calculate  means  for  all  experi¬ 
ments.  Significant  differences  between  experimental 
and  control  conditions  were  evaluated  based  on 
ANOVA  and  the  appropriate  statistical  test.  A  P< 
0.05  was  taken  as  significant. 


3.  Results 

Fig.  1  presents  the  45  Ca  uptake  in  the  Cell-Max 
cartridges,  comparing  a  typical  culture  with  5  pg/ml 
vitamin  C-sulfate  (made  once)  and  25  pg/ml  vitamin 
C  (prepared  fresh  every  other  day).  As  can  be  seen, 
there  was  no  detectable  difference. 

Fig.  2  presents  typical  micrographs  which  indicate 
that  the  appearance  of  the  cellular  morphology  and 
mineral  deposition  in  cultures  treated  with  12.5  pg/ml 
vitamin  C-sulfate  differs  from  those  treated  with  25 


p.g/ml  vitamin  C.  Although  the  appearance  of  the 
matrix  seems  normal  in  both  non-mineralizing  (Fig. 

2a, b)  and  mineralizing  cultures  (Fig.  2c, d),  in  all  mi¬ 
crographs  examined,  there  was  less  matrix  between., 
chondrocytes  following  vitamin  C-sulfate  treatment 
(Fig.  2b, d)  compared  to  vitamin  C  alone  (Fig.  2a,c). 
Also,  many  of  the  chondrocytes  showed  inclusion 
bodies  (Fig.  2d)  suggesting  that  cell  function  is  not 
completely  normal  after  exposure  to  vitamin  C-sulfate. 
The  appearance  of  the  collagen  and  proteoglycans, 
however,  was  not  noticeably  different. 

The  various  vitamin  C  preparations  also  did  not 
have  a  significant  effect  on  nodule  size  (not  shown), 
or  on  total  proteoglycan  content  (Fig.  3a),  however, 
35S04  incorporation  into  the  proteoglycans  present 
was  significantly  increased  in  all  cultures  treated  with 
vitamin  C-sulfate  (Fig.  3b).  Furthermore,  the  extent  of 
the  increase  was  greater  with  the  higher  doses  of 
vitamin  C-sulfate.  35S04  uptake  could  not  be  mea¬ 
sured  in  cultures  treated  with  vitamin  C  and  sodium 
sulfate,  because  of  the  relative  concentrations  of  cold 
and  radiolabelled  sulfate.  Alkaline  phosphatase  activ¬ 
ity  (Fig.  3c)  was  not  altered  by  the  various  vitamin  C 
treatments  at  day  12. 

The  hydroxyproline  content  of  the  matrix  of  the 
mineralizing  cultures  was  slightly  but  not  significantly 
reduced  in  cultures  treated  with  vitamin  C-sulfate  as 
contrasted  with  cultures  given  vitamin  C.  The  three 
concentrations  of  vitamin  C  used  (12.5,  25  and  50 
p,g/ml)  yielded  the  same  hydroxyproline  content  and 
there  was  not  a  dose-dependent  effect  of  vitamin 
C-sulfate  (Fig.  4)  on  hydroxyproline  content.  The  min¬ 
eralizing  matrices  of  the  cultures  treated  with  vitamin 
C-sulfate  or  vitamin  C  and  sodium  sulfate  had  a  lower 
mass  at  day  16  (3.05  ±0.38  mg)  as  contrasted  to 
5.08  ±  1.1  mg  for  the  cultures  treated  with  ascorbate 
(p  <  0.003,  Welch  non-parametric  f-test). 

The  failure  to  mineralize  in  the  cultures  given  the 
sulfated  form  of  vitamin  C  or  vitamin  C  +  Na2S04 
was  evidenced  by  the  decreased  43  Ca  uptake  (Fig.  5) 
as  well  as  the  absence  of  mineral  in  FT-IR  spectra 
(not  shown).  The  data  in  Fig.  5  show  an  average  of  the 
data  for  each  of  the  concentrations  tested,  as  the 
uptake  in  cultures  with  5  or  12.5  f-g/ml  vitamin 
C-sulfate  did  not  differ  by  more  than  5%  and  the 
uptake  in  cultures  with  12.5, 25  and  50  pg/ml  vitamin 
C  agreed  to  within  2%.  Cultures  given  ‘fresh’  vitamin 
C-sulfate,  from  a  new  bottle  and  prepared  with  each 
medium  change,  were  most  similar  to  control  cul¬ 
tures,  but  45  Ca  uptake  was  highly  variable.  Cultures 
which  received  the  same  (‘new’)  vitamin-C  sulfate 
solution,  prepared  only  at  the  start  of  the  experiment, 
showed  a  decrease  in  calcium  accumulation.  Cultures 
given  the  old  vitamin  C-sulfate,  heated  vitamin  C- 
sulfate,  or  fresh  vitamin  C  plus  sodium  sulfate  showed 
no  mineral  accretion.  Furthermore,  45  Ca  uptake  in 


A.L.  Boskey  et  aL /Matrix Biology  20  (2001)  99-106 

Total  Proteoglycan  Content 


103 


£ 

S 


MS  old 
MS  new 
MS  fresh 
m  MS  boiled 

|  1  M 

(12.5,25,50^™!) 


5pg/ml  12.5pg/ml 


Alkaline  Phosphatase  Activity 


the  non-mineralizing  vitamin  C  supplemented  cul¬ 
tures  was  relatively  constant,  whereas,  in  the  vitamin 
C-sulfate  supplemented  cultures,  45Ca  uptake  in¬ 
creased  100%  within  10  days  and  the  rate  of  calcium 
uptake  was  3  X  that  in  the  vitamin  C  treated  cultures 
(data  not  shown). 


4.  Discussion 

This  study  was  not  undertaken  to  investigate  the 
mechanism  of  action  of  vitamin  C  as  compared  to 
vitamin  C-sulfate,  which  has  been  described  m  detail 
elsewhere  (Tolbert  et  al„  1975),  but  rather  to  de- 


Sasg/ml  12.5  *g/mi  , 

Fig.  4.  Effect  of  vitamin  C  additives  on  hydro^proline  C-sulfate  prepared  with 

mineralizing  cultures  supplemented  with  5  or  12.5  fc  p  ared  fresh  for  each  medium  change  (new),  vitamm  C-sulfate 

each  medium  change  (fresh),  vitamm  C-sulfate  from  a  new  bottlejDut  notprp  sul{ate  (AA  +  So4).  Freshly  prepared 

that  was  heated  to  promote  b^^dcwn  fheatecD  and  J  Jlts  are  shown  as  mean  for  all  concentrations  (n  =  9). 

vitamin  C  (AA)  was  used  in  concentrations  of  12.5,  25  and  ou  p.g/mi  ai 


termine  why  cultures  which  had  a  reproducible  pat¬ 
tern  of  mineral  deposition  for  many  years  (e.g.  Boskey 
et  al  1991b,  1992a,b,  1996, 1997b)  stopped  mineraliz¬ 
ing  when  for  the  purpose  of  efficiency,  our  laboratory 
switched  from  using  vitamin  C  to  vitamin  C-sulfate.  , 
Our  initial  studies  had  shown  vitamin  C-sulfate  at 
concentrations  less  than  12.5  p-g/ml  were  not  toxic  in 
these  cultures  and  that  was  confirmed  here.  Vitamm 
C-sulfate,  which  was  not  prepared  fresh  with  each 


change  of  medium,  however,  or  was  not  newly  ac¬ 
quired  from  the  manufacturer,  inhibited  mineraliza¬ 
tion.  Since  there  is  no  advantage  to  using  the  sulfated 
form  if  it  has  to  be  prepared  with  each  medium 
change,  there  appears  to  be  no  rationale  for  the  use 
of  this  ‘stable’  form  in  this  type  of  culture.  A  vitamm 
C-2-phosphate  that  does  not  form  ascorbyl  radicals  is 
also  available  (Makino  et  al.,  1999)  and  this  stable 
vitamin  C  derivative  has  been  used  in  several  os- 


Fig.  5.  Effect  of  vitamin  C  supplements  on  an  old  bottle  (old), 

"  <„)  riiin  C-sulfate  that  was  healed  to  promote  breakdown  (healed)  and l» '  ^  J  +  m  1<lu„  „„„  *  S)D.  tor 
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teoblast  (Gronthos  et  al.,  1994;  Hitomi  et  al.,  1992; 
Jaiswal  et  al.,  1997;  Tullberg-Reinert  and  Jundt,  1999; 
Torii  et  al.,  1994)  and  other  connective  tissue  and 
muscle  (Fermor  et  al.,  1998;  Mitsumoto  et  al.,  1994) 
culture  systems.  Although  this  phosphoiylated-deriva- 
tive  might  have  been  preferable  in  the  mineralizing 
culture,  it  would  have  slightly  increased  local  phos¬ 
phate  concentrations  in  the  non-mineralizing  controls 
which  are  very  sensitive  to  changes  in  phosphate 
content  (Boskey  et  al.,  1992b)  and  thus  we  did  not 
investigate  its  use. 

There  are  several  possible  explanations  for  the 
observed  effects  of  vitamin  C-sulfate  on  development 
of  a  mineralized  matrix.  Vitamin  C  (ascorbic  acid)  is 
oxidized  generating  toxic  ascorbyl  radicals  and  perox¬ 
ides  (Wilgus  and  Roskoski,  1988)  and  we  have  previ¬ 
ously  shown  in  this  system  that  high  vitamin  C  doses 
cause  demonstrable  cell  death  (Boskey  et  al.,  1991b). 
The  vitamin  C-sulfate  concentrations  used  in  our  cul¬ 
ture  system,  however,  are  far  below  this  value.  With 
the  lower  concentrations  of  vitamin  C-sulfate  used  in 
these  cultures,  there  was  no  EM  evidence  of  cell 
death  and  the  vitamin-C  concentrations  were  1/8 
that  previously  shown  to  cause  cell  necrosis  in  this 
system.  Thus,  while  viable  cells  are  required  for  carti¬ 
lage  calcification  (Boskey  et  al.,  1996),  the  failure  to 
mineralize  does  not  appear  to  be  due  to  cell  death. 
The  use  of  vitamin  C-sulfate  did  slightly  (but  not 
significantly)  decrease  the  extent  of  prolylhydroxyla- 
tion,  suggesting  that  collagen  production  was  not  ex¬ 
tensively  altered.  The  lack  of  significance  may  be 
related  to  the  decreased  weight  of  cultures  treated 
with  sulfated  vitamin  C,  however,  the  ~  40%  differ¬ 
ence  in  weight  is  most  likely  attributable  to  the  pres¬ 
ence  of  mineral  in  the  vitamin  C  treated  cultures  and 
not  to  different  amounts  of  collagen  being  present. 

Vitamin  C-sulfate  is  a  substrate  for  sulfatases 
(Fluharty  et  al.,  1976;  Hatanaka  and  Egami,  1976; 
Roy,  1979)  that  are  abundant  in  cartilage  (Schwartz 
and  Adamy,  1976)  and  most  likely  in  this  culture 
system.  In  cartilage,  the  proteins  sulfated  are  most 
likely  the  proteoglycans,  which  are  known  inhibitors 
of  calcification  both  in  solution  (Boskey,  1989;  Boskey 
et  al.,  1997a),  in  animal  models  (Boskey  et  al.,  1991a) 
and  in  this  culture  system  (Boskey  et  al.,  1997b).  Total 
proteoglycan  content  was  not  decreased  in  the  pres¬ 
ence  of  vitamin  C-sulfate,  however,  sulfate  incorpora¬ 
tion  into :  total  proteoglycans  was  significantly  in¬ 
creased,  suggesting  that  increased  Ca-chelation  by  the 
over-sulfated  proteoglycans  is  the  major  factor  caus¬ 
ing  decreased  mineralization. 

.Shapiro  and  Poon  (1975)  noted  that  the  sulfate 
transfer  from  vitamin  C-sulfate  to  chondroitin  sulfate 
proteoglycans  in  chondrocyte  cultures  did  not  occur 
by  direct  transfer,  but  was  accounted  for  by  decompo¬ 
sition  during  storage  at  -20°C  for  several  days.  It  is, 


therefore,  likely  that  in  the  present  study,  the  decom¬ 
position  of  the  vitamin  C-sulfate  results  in  increased 
sulfation  of  proteoglycans  (Brand  et  al.,  1989;  Silbert 
and  DeLuca,  1969;  van  der  Kraan  et  al.,  1988),  hence, 
the  high 45  Ca  uptake  in  the  non-mineralizing  controls, 
reflecting  Ca  chelation  by  the  matrix.  Calcium  chela¬ 
tion  by  the  more  highly  sulfated  proteoglycans  could 
contribute  to  the  failure  of  those  cultures  to  support 
mineralization.  Because  it  is  tempting  to  use  a  stable 
as  contrasted  with  an  unstable  essential  additive,  it  is 
important  to  consider  the  consequences  of  a  seem¬ 
ingly  innocuous  medium  supplement  such  as  vitamin 
C-sulfate  on  culture  behavior. 
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ABSTRACT 

The  structural  strength  of  a  bone  can  be  partitioned  into  architectural  and  material  components. 

In  3-point  bending  tests  of  6  month  old  female  humeri  from  the  HcB/Dem  recombinant  congenic 
series,  2  strains  differed  markedly  in  calculated  failure  stress  as  summarized  in  the  table.  We 
used  Fourier  Transform  Infrared  Spectroscopic  Imaging  (FTIRI)  to  determine  whether 
differences  in  collagen  cross-link  maturity,  crystallinity,  or  spatial  ordering  could  account  for  the 
large  difference  in  calculated  tissue  strength  between  these  2  strains  with  similar  mineral  content. 
Cross-link  maturity  and  crystallinity  were  assayed  as  the  absorbance  ratios  at  1660:1690  cm'1 
and  1030:1020  cm'1,  respectively.  One-dimensional  spatial  correlation  functions  were  estimated 
to  compare  the  uniformity  of  the  indices  within  fields.  For  HcB/8,  the  mean  cross-link  maturity 
index  is  1.654  and  the  median  is  1.641.  The  mean  and  median  HcB/23  cross-link  maturity 
indices  are  1.273  and  1.365,  respectively.  The  difference  in  cross  link  maturity  is  highly 
significant  (y2  =  1968,  9  df,  P  <  10‘15).  For  HcB/8,  the  mean  and  median  crystallinity  index  are 
0.950  and  0.974,  respectively.  In  HcB/23,  the  corresponding  values  are  0.840  and  0.909.  As  for 
cross  link  maturity,  the  difference  between  the  strains  is  highly  significant  (x2  =  400,  6  df,  P  < 
10'15).  Cross-link  maturity  and  crystallinity  are  highly  and  similarly  correlated  in  both  strains, 
with  correlation  coeffecients  of  0.751  for  HcB/8  and  0.758  for  HcB/23  (P  <  10  16  in  both  strains). 
We  did  not  find  evidence  of  significant  differences  between  the  strains'  1 -dimensional  spatial 
correlation  functions.  The  high  correlation  between  cross-link  maturity  and  crystallinity  reflects 
the  interdependence  of  the  protein  and  mineral  elements  of  bone  matrix.  The  data  illustrate  the 
usefulness  of  FTIRI  to  examine  bone  quality  and  relate  it  to  biomechanical  performance. 
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INTRODUCTION 

Fracture  is  the  most  significant  clinical  measure  of  bone’s  biomechanical  performance. 
Epidemiologically,  several  types  of  fracture  are  recognized  as  “osteoporotic,”  occurring  in  the 
setting  of  minimal  trauma.  However,  it  is  known  that  bone  mineral  density  (BMD),  while  a 
useful  clinical  predictor  of  fracture  risk,  does  not  fully  account  for  individual  differences  in 
fracture  risk  [1-6]. 

Biomechanical  testing  of  bones  harvested  from  experimental  organisms  is  one  approach 
by  which  the  various  contributors  to  bone  strength  can  be  studied  [7,  8].  By  loading  bones 
according  to  contrived  but  reproducible  protocols,  such  tests  are  capable  of  distinguishing  strain- 
specific  differences  in  mechanical  performance.  Moreover,  it  is  well-established  that  the 
structural  strength  of  a  whole  bone  can  be  partitioned  into  architectural  and  material  components. 
The  bone’s  architecture  takes  into  account  the  bone’s  size  and  shape,  while  the  bone’s  material 
reflects  the  underlying  strength  of  the  tissue. 

Recently,  there  has  been  growing  interest  in  understanding  the  contributions  of  both  the 
architectural  and  the  material  aspects  of  bone  strength.  Architectural  investigations  have 
included  human  studies  of  hip  axis  length  (e.g.  [9-15]),  femoral  neck  bone  distribution  (e.g.  [16, 
17]),  crumpling  ratio  (e.g.  [18]),  sexual  dimorphism  of  bone  modeling  (e.g.  [19-22]),  and 
trabecular  connectivity  (e.g.  [23-26]).  In  addition,  in  animal  models  there  has  been  explicit  use 
of  anatomical  measurements  in  the  interpretation  of  biomechanical  studies  (e.g.  [27-30]). 
Investigation  of  bone  material  strength  have  historically  relied  upon  biochemical  and  biophysical 
methods,  and  have  included  quantitation  of  various  protein  and  mineral  components  of  bone 
tissue  through  a  variety  of  technical  approaches,  including  Fourier  Transform  Infrared 
spectroscopy  (FTIR).  By  coupling  FTIR  detection  to  a  microscope  or  to  an  array  of  microscopic 
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detectors,  spectral  analysis  can  be  carried  out  on  thin  histologic  preparations  of  bone,  allowing 
the  material  properties  of  bone  to  be  investigated  on  scales  as  small  as  7  pm  [31,  32].  These 
methods  allow  investigation  of  the  role,  if  any,  the  microscopic  organization  of  bone  tissue  plays 
in  determining  its  material  strength. 

In  this  report,  we  extend  previous  observations  of  biomechanical  performance  in 
HcB/Dem  recombinant  congenic  mice.  In  these  experiments,  we  determined  that  the  calculated 
tissue  strength  of  bone  in  strains  HcB/8  and  HcB/23  differ  greatly,  in  spite  of  similar  mineral 
content.  Here,  we  extend  characterization  of  these  strains  to  include  FTIR  imaging  data  from 
cortical  bone  samples.  We  find  that  the  strains  differ  markedly  in  collagen  cross  link  maturity 
and  hydroxyapatite  crystallinity.  We  also  find  that  these  2  indices  are  highly  correlated.  We  find 
no  difference  in  the  one-dimensional  spatial  correlation  of  either  cross-link  maturity  or 
crystallinity  parallel  to  the  bone  surface.  These  data  are  considered  with  regard  to  the 
mechanistic  basis  of  bone  strength. 
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MATERIALS  AND  METHODS 

Mice:  The  HcB/Dem  strains  were  established  and  are  maintained  at  the  Netherlands  Cancer 
Institute.  Briefly,  the  HcB/Dem  mice  are  inbred  strains  derived  from  arbitrary  pairs  of  N3 
backcross  animals  [33-35].  The  HcB/Dem  strains  have  been  genotyped  at  130  marker  loci 
distributed  over  each  of  the  autosomes  [36,  37].  Because  they  are  inbred,  individuals  from  a 
single  strain  have  the  same  genetic  composition,  save  for  new  mutations  and  residual  unfixed 
chromosome  segments  [38,  39].  Less  than  5%  of  the  genome  was  unfixed  at  the  time  of 
genotyping;  residual  heterozygosity  is  expected  to  be  reduced  by  half  in  each  generation  of 
inbreeding.  The  mice  described  in  this  report  were  maintained  at  the  Hospital  for  Special 
Surgery  until  6  to  7  months  of  age  under  12  hour  light-dark  cycling  and  fed  irradiated  PICO 
5058  rodent  chow  and  autoclaved  tap  water  ad  lib.  Only  females  were  studied,  because  inclusion 
of  males  would  have  introduced  sex-dependent  variability  in  the  traits  in  addition  to  the  strain- 
specific  and  environmental  variability  already  encountered.  At  sacrifice,  body  mass  and  rostro- 
anal  length  were  measured.  This  work  satisfied  The  Hospital  for  Special  Surgery’s  requirements 
for  the  ethical  use  of  laboratory  research  animals. 

Ash  Percentage:  Bone  mineral  fraction  was  calculated  by  comparison  of  dry,  defatted  bone 
weight  to  ash  weight  of  homogenized  tissue  [40,  41].  We  chose  to  use  entire  bones  rather  than 
bones  from  which  the  epiphyses  and  marrow  have  been  removed  because  the  former  technique  is 
more  reproducible  in  our  hands. 

Radiographic  Analysis:  Image  analysis  of  fine  focus  contact  radiographs  of  dissected  humeri 
was  performed  as  described  and  used  to  calculate  CSA  and  I  [41].  Humeral  length  was  defined 
as  the  distance  along  the  diaphysis  from  the  trochlea  to  the  humeral  head’s  most  distant  point. 
Outer  and  inner  diameters  were  measured  in  orthogonal  projections  just  distal  to  the  deltoid 
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tuberosity,  perpendicular  to  the  diaphyseal  axis.  CSA  was  calculated  according  to  the  elliptical 
approximation 

CSA  =  7t(ML  OR*AP  OR-ML  IR*AP  IR) 

where  OR  is  the  outer  and  IR  the  inner  radius  in  either  the  mediolateral  (ML)  or  anteroposterior 
(AP)  projection.  I  was  also  calculated  according  to  the  elliptical  approximation  [8] 

I  =  tc/4[(ML  OR)3(AP  OR)  -  (ML  IR)3(AP  IR)] 

Image  analysis  was  performed  with  SigmaScan  (Jandel  Scientific)  image  analysis  software.  All 
radiographs  included  stepped  aluminum  densitometric  phantoms.  Radiographic  images  were 
digitized  with  a  Kodak  digital  camera,  with  the  photographic  field  including  a  length  scale. 
Biomechanical  Testing:  Quasi-static  3  Point  Bend  Testing  was  performed  on  left  humeri  using 
posts  designed  and  machined  in-house  with  the  MTS  apparatus  and  Instron  electronics  as 
described  [42,  43],  Humeri  were  oriented  with  the  deltoid  tuberosity  downward  and  the 
specimens  oriented  with  the  central  post  adjacent  to  the  distal  end  of  the  deltoid  tuberosity.  This 
orientation  corresponds  to  the  ML  axis  being  parallel  to  the  applied  force.  Posts  were  separated 
by  3.75  mm. 

Biomechanical  data  were  analyzed  following  several  important  assumptions.  First,  we 
assumed  that  bone  strength  is  determined  entirely  by  the  cortical  bone  in  the  mid-diaphysis. 
Second,  we  assumed  that  the  humeral  diaphysis  is  an  ellipse  with  its  major  axis  lying  in  the  ML 
plane  and  its  minor  axis  lying  in  the  AP  axis.  Calculated  biomechanical  parameters  were 
obtained  according  to  the  following  standard  formulas  for  3  point-bending  of  ellipses  [8]: 

Stress  (a),  (MPa)  =  FLc/47  with  F=  force,  L  =  length,  c  =  ML  OR 

Strain  (e),  (mm/mm)  =  12cd/L2  with  c  =  ML  OR,  d  =  displacement,  L  =  length 
Young’s  Modulus  (E),  (MPa)  =  (F/d)(L3/487) 
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FTIR  Imaging:  The  left  tibia  from  1  mouse  of  each  strain  was  fixed  in  buffered  formalin, 
dehydrated  in  ethanol,  and  embedded  in  PMMA,  from  which  3  pm  mid-sagittal  sections  were 
obtained  for  FTIR  imaging.  FTIR  imaging  was  performed  using  a  BioRad  Stingray  FTIR 
imaging  system,  with  automated  subtraction  of  water  vapor  and  PMMA  spectra  as  previously 
described  [44,  45].  In  each  analyzed  field,  pixels  in  which  either  the  1660:1690  cm'1  ratio  fell 
outside  of  the  0  to  2.5  range  or  the  1030:1020  cm'1  ratio  fell  outside  the  0  to  2.0  range  were 
censored  as  bad  data. 

Statistical  Analysis:  Most  statistical  analyses  were  performed  using  SigmaStat  2.03  (Jandel 
Scientific)  and  the  remainder  were  performed  with  Origin  version  5.0  (Microcal).  Student’s  t- 
test  was  used  to  compare  HcB/8  and  HcB/23  mice  for  anatomic  features  and  biomechanical 
performance,  with  values  for  failure  stress  log-transformed  prior  to  analysis  to  satisfy  the  test 
assumption  of  normality.  Significance  levels  were  Bonferroni-corrected  to  account  for  multiple 
comparisons.  Interstrain  comparisons  of  cross  link  maturity  and  crystallinity  indices  were  done 
by  x2  contingency  table,  taking  the  weighted  average  number  of  pixels  in  each  0.25  unit  interval 
of  the  distribution  for  each  strain.  The  Kolmogorov-Smimov  test  was  used  to  assess  normality 
of  the  FTIR  imaging  data.  Correlation  between  cross  link  maturity  and  crystallinity  was 
performed  on  pooled  data  from  all  the  scans,  as  this  is  a  property  of  individual  spectra,  not  of 
individual  animals  or  scans.  One-dimensional  spatial  correlation  functions  (lDCs)  were 
calculated  parallel  to  the  bone  surface  according  to  the  formula  g(r)  =  E(xi  -  x)(xi+r  -  x)/Vl  xi  - 
x)2Vz(xi+r  -  *)2  where  xi  is  the  index  at  a  given  pixel  i,  xi+r  is  the  index  at  a  pixel  located  at  a 
pixel  r  pixels  from  i,  and  x  is  the  average  value  of  the  index  in  the  entire  field.  We  calculated 
g(r)  for  0  <  r  <  64,  omitting  bad  pixels  and  truncating  r  at  the  edge  of  the  scanned  field.  To 
compare  the  correlation  functions  of  the  two  strains,  we  hypothesized  that  the  correlation 
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coefficient  would  decay  over  differing  correlation  lengths  in  the  2  strains.  To  test  the  hypothesis, 
a  straight-line  fit  was  made  over  the  linear,  small  r  region  of  g(r).  The  slopes  of  the  fits  for  the 
samples  were  pooled  for  each  strain  and  subjected  to  a  t-test. 
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RESULTS 

Calculated  tissue  strength  differs  between  HcB/8  and  HcB/23:  We  examined  9  6  month  old 
female  HcB/8  and  9  6  month  old  female  HcB/23  mice.  The  anatomic  and  biomechanical 
properties  of  the  animals  is  summarized  in  table  1.  These  data  show  that  while  humeral  failure 
load  and  structural  stiffness  is  similar  in  the  2  strains,  HcB/23  achieves  this  strength  through 
more  favorable  bone  architecture  and  less  favorable  bone  tissue  strength,  while  HcB/8  does  so 
through  less  favorable  bone  architecture  and  more  favorable  bone  tissue  strength.  The  inferiority 
of  HcB/23  bone  tissue  strength  is  not  due  to  lesser  mineralization,  as  this  strain  has  a  greater  ash 
percentage  than  HcB/8.  These  observations  prompted  us  to  use  FTIR  imaging  to  explore  the 
possible  basis  for  the  marked  difference  in  bone  tissue  strength  between  the  strains,  examining  4 
400  pm2  sections  of  bone  from  each  strain. 

Cross  link  maturity  differs  between  HcB/8  and  HcB/23:  The  ratio  of  absorbances  at  1 660  cm'1 
and  1690  cm'1  is  an  index  of  the  oxidation  state  of  collagen  cross  links,  with  higher  ratios 
indicating  a  greater  proportion  of  pyridinoline  relative  to  DHLNL  [45].  Representative  sections 
from  each  strain  are  shown  in  figure  1.  Overall,  the  difference  in  cross  link  maturity  is  highly 
significant  (y2  =  1968,  9  degrees  of  freedom,  P  <  10'15).  The  mean  and  median  HcB/23  cross 
link  maturity  indices  are  1.273  and  1.365,  respectively.  For  HcB/8,  the  mean  cross  link  maturity 
index  is  1.654  and  the  median  is  1.641.  Neither  of  the  distributions  is  normal,  with  P  <  10'15  for 
the  Kolmogorov-Smimov  test  of  normality  in  both  cases.  The  HcB/23  distribution  is  more 
negatively  skewed  than  the  HcB/8  distribution,  with  values  of -1.727  and  -0.185,  respectively. 
The  HcB/23  distribution  has  a  kurtosis  of  3.012  and  the  HcB/8  distribution  has  a  kurtosis  of 
1.198.  Thus,  in  addition  to  having  different  degrees  of  cross  link  oxidation,  the  distributions  are 
shaped  differently. 
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Crystallinity  differs  between  HcB/8  and  HcB/23:  The  ratio  of  absorbances  at  1030  cm'1  and 
1020  cm'1  is  a  composite  index  of  the  hydroxyapatite  crystal  size  and  perfection,  with  higher 
ratios  indicating  greater  crystallinity.  The  crystallinity  maps  of  the  2  strains  are  compared  in 
figure  2.  As  for  cross  link  maturity,  the  difference  between  the  strains  is  highly  significant  (%2  = 
400,  6  degrees  of  freedom,  P  <  10'15).  Also  as  for  cross  link  maturity,  the  crystallinity 
distributions  deviate  markedly  from  normality  (P  <  10'15  in  both  cases).  The  mean  and  median 
of  the  crystallinity  index  in  HcB/23  are  0.840  and  0.909,  respectively.  For  HcB/8,  the 
corresponding  values  are  0.950  and  0.974.  As  for  the  cross  link  maturity  distributions,  the 
HcB/23  crystallinity  distribution  is  more  negatively  skewed  (-1.408  and  -0.913)  and  more 
kurtotic  (1.855  and  0.882)  than  the  HcB/8  distribution.  However,  the  crystallinity  distributions 
are  less  dissimilar  than  the  cross  link  distributions. 

Cross  link  maturity  and  crystallinity  are  highly  correlated:  Because  of  the  well-established 
relationship  between  the  protein  and  mineral  components  of  bone’s  extracellular  matrix,  we 
examined  the  pixel  by  pixel  correlation  of  the  collagen  cross  link  maturity  index  and  the 
crystallinity  index.  These  properties  were  highly  and  similarly  correlated  in  both  strains,  with 
correlation  coeffecients  of  0.751  for  HcB/8  and  0.758  for  HcB/23.  In  both  strains,  the  results  are 
highly  significant  (P  <  10'16). 

Cross-link  maturity  and  crystallinity  are  r  similarly  uniform  in  HcB/23  than  in  HcB/8:  The 
FTIR  imaging  data  summarized  above  consider  pixels  collectively,  without  regard  for  their 
spatial  arrangement  within  the  cortical  bone.  In  order  to  explore  whether  the  similarity  of  closely 
spaced  pixels  differs  between  strains,  we  investigated  1-dimensional  spatial  correlations  in  each 
of  the  FTIR  samples.  Figure  3  shows  the  relationship  between  distance  parallel  to  the  bone 
surface  in  pixels  and  g(r),  the  correlation  of  the  collagen  cross  link  maturity  index  at  2  points 
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separated  by  distance  r.  Inspection  of  the  figure  shows  that  for  small  r,  the  decay  of  g(r)  is  linear 
and  similar  in  the  2  strains.  This  relationship  holds  up  to  a  pixel  separation  of  approximately  10 
pixels,  corresponding  to  a  distance  of  70  pm.  At  larger  r  values,  g(r)  varies  erratically.  Similar 
results  (not  shown)  were  observed  for  the  crystallinity  index.  Overall,  the  correlation  functions 
of  the  2  strains  did  not  differ  statistically.  These  data  suggest  that  there  is  no  difference  in  the 
short-range  ordering  of  collagen  cross-link  maturity  or  crystallinity  between  the  2  strains. 
Further,  these  experiments  provided  no  evidence  of  ordering  over  longer  length  scales. 
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DISCUSSION 

In  our  initial  survey  of  bone  properties  of  the  HcB/Dem  recombinant  congenic  strains,  we 
noted  that  HcB/8  and  HcB/23  are  similar  with  respect  to  failure  load  and  ash  percentage,  but  that 
HcB/23  has  much  inferior  calculated  tissue  strength  relative  to  HcB/8.  While  this  difference  is 
not  as  great  as  that  between  the  parental  strains  C3H/DiSnA  and  C57BL/10ScSnA,  the  parental 
strains  differ  significantly  in  ash  percentage  as  well  [46].  These  observations  led  us  to  explore 
the  possibility  that  material  properties  amenable  to  investigation  by  FTIR  imaging  might  provide 
insight  into  the  dramatic  difference  in  failure  stress  between  the  strains. 

Collagen  cross  link  maturity  is  one  such  property.  Following  collagen  synthesis  and 
secretion,  individual  collagen  monomers  are  enzymatically  cross  linked  in  the  extracellular 
space.  In  bone,  the  predominant  covalent  cross  links  between  type  1  collagen  molecules  are 
formed  by  condensation  of  hydroxylysine  and,  to  a  lesser  extent,  lysine  residues.  Initial  cross 
links  are  bimolecular  and  reducible,  and  these  then  mature  to  form  pyridinoline  and 
deoxypyridinoline  by  further  condensation  of  either  hydroxylysine  or  lysine,  respectively.  We 
previously  showed  that  the  1660  cm'1: 1690  cm'1  absorbance  ratio  reflects  the  relative  amounts  of 
nonreducible  pyridinoline  cross  links  to  reducible  DHLNL  cross  links  [45].  Cross  links  confer 
tensile  strength  and  viscoelasticity  on  bone  matrix,  properties  that  improve  fracture  resistance  in 
bending. 

Hydroxyapatite  crystallinity  is  a  second  such  property.  Crystallinity,  as  reflected  by  the 
1030  cm'1: 1020  cm'1  absorbance  ratio,  reflects  the  size  and  perfection  of  the  hydroxyapatite 
crystals  [47].  The  mineral  component  of  bone  matrix  is  a  poorly  crystalline  and  highly 
substituted,  a  property  that  facilitates  exchange  of  bone  and  blood  calcium  and  phosphate  levels 
and  thus  contributing  to  bone’s  metabolic  function  as  a  reservoir  for  calcium.  Our  data  suggest 
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that  increased  crystallinity  improves  mechanical  performance.  That  distinct  crystallinity  optima 
for  mechanical  performance  and  mineral  homeostasis  exist  is  a  hypothesis  that  warrants  further 
study. 

We  report  a  high  point-by-point  correlation  between  cross  link  maturity  and  crystallinity 
indices.  It  is  well-established  that  bone  mineralization  depends  on  and  follows  organic  matrix 
synthesis  temporally.  In  osteogenesis  imperfecta,  for  example,  defective  type  I  collagen  is  the 
underlying  problem,  but  BMC  is  generally  low  as  well.  Meunier  and  colleagues  (e.g.  [48,  49]) 
have  used  histologic  methods  to  follow  the  progress  of  mineralization  in  osteonal  bone.  They 
found  that  mineralization  occurs  in  2  phases,  an  initial,  relatively  rapid  initial  phase  followed  by 
a  subsequent  slower  continued  mineral  accretion.  It  is  tempting  to  speculate  that  these 
observations  are  in  fact  illustrations  of  a  more  general,  possibly  mechanistic,  relationship 
between  cross  link  maturity  and  crystallinity. 

There  are  important  limitations  to  the  work  presented  here.  First,  the  mechanical  test 
performed,  3-point  bending,  measures  whole  bone  strength,  not  tissue  strength.  Tissue  strength 
is  calculated  from  the  structural  strength,  bone  dimensions  measured  from  orthogonal  plain 
radiographs,  and  a  relatively  crude  simplifying  assumption  regarding  the  shape  of  the  murine 
humeral  diaphysis.  These  assumptions  lead  to  important  uncertainties  regarding  the  failure  stress 
and  modulus  estimates  reported  here.  These  technical  limitations  apply  equally  to  the 
mechanical  testing  of  both  strains,  and  should  therefore  not  affect  the  magnitude  of  the 
difference  between  the  calculated  failure  stress  and  modulus  between  them.  Moreover,  3-point 
bend  testing  is  a  contrived  experimental  fracture  model  and  may  differ  mechanistically  from 
clinical  fracture.  Second,  the  FTIR  imaging  was  limited  to  single  animals  of  each  strain.  While 
the  number  of  individual  spectra  analyzed  is  large,  interpretation  must  be  cautious  as  the  animals 
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tested  might  not  be  representative  of  their  respective  strains.  Third,  we  used  tibiae  for  FTIR 
imaging,  but  humeri  for  mechanical  testing.  Fourth,  we  examined  formalin-fixed  specimens, 
while  subsequent  work  has  demonstrated  that  this  treatment  tends  to  increase  the  cross  link 
maturity  index  and  decrease  the  crystallinity  index  relative  to  unfixed  specimens  [50].  As  for  the 
technical  limitations  of  the  mechanical  testing,  this  limitation  should  not  affect  the  difference 
between  the  strains. 

These  limitations  notwithstanding,  the  data  presented  here  provide  evidence  that 
differences  in  cross  link  maturity  and  crystallinity  reflect  differences  in  biomechanical 
performance  not  only  in  the  presence  of  significant  pathology  (e.g.  [51-54]),  but  also  among 
strains  of  wild  type  mice.  Turner  and  colleagues  [29]  also  found  evidence  suggesting  marked 
differences  in  tissue  strength  among  the  B  X  H  recombinant  inbred  strains,  but  have  not  yet 
provided  a  mechanistic  hypothesis  regarding  the  origin  of  these  differences.  A  fuller 
understanding  of  the  role  of  these  and  other  non-BMC  components  of  bone  tissue  strength  will 
no  doubt  help  explain  the  apparent  disparities  between  fracture  reduction  and  changes  in  BMC  in 
human  clinical  trials  as  well. 
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TABLES 


Table  1.  Anatomic  and  Biomechanical  Properties  of  HcB/8  and  HcB/23  Mice 


Trait 

HcB/8  (N=10) 

HcB/23  (N=9) 

P  value 

Body  Mass  (g) 

19.9  ±1.5 

23.5  ±1.1 

<  104 

BMI  (g/cm2) 

0.27  ±  0.01 

0.25  ±0.01 

0.001 

Humeral  Length  (mm) 

11.1  ±0.3 

11.3  ±0.2 

NS 

ML  OD  (mm) 

1.07  ±0.07 

1.23  ±0.04 

H&3BH 

H 

ML  ID  (mm) 

0.59  ±0.07 

0.59  ±  0.05 

NS 

AP  OD  (mm) 

0.81  ±0.05 

0.93  ±  0.07 

<0.001 

AP  ID  (mm) 

0.35  ±0.04 

0.48  ±0.08 

<0.001 

CSA  (mm2) 

0.49  ±  0.06 

0.67  ±  0.05 

<10'5 

/(mm4) 

0.041  ±  0.009 

0.079  ±0.011 

! 

<  10'6 

Ash  Percentage 

68.6  ±1.0 

70.2  ±1.5 

| 

NS 

Failure  Load  (N) 

7.9  ±1.4 

8.1  ±0.9 

NS 

Structural  Stiffness  (N/mm) 

22  ±7 

23  ±5 

NS 

Failure  Stress  (MPa) 

192  ±36 

118  ±  13 

Young’s  Modulus  (MPa) 

4800  ±1570 

2610  ±490 

0.002 

BMI  =  body  mass,  ML  =  mediolateral,  O  =  outer,  D  =  diameter,  I  =  inner,  AP  =  anteroposterior, 
I  =  cross-sectional  moment  of  inertia,  N  =  newtons,  MPa  =  megapascals.  The  Bonferroni- 
corrected  significance  level  is  0.004. 
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FIGURE  LEGENDS 

Figure  1.  FTIR  imaging  of  HcB/23  (top)  and  HcB/8  (bottom).  Left  panels  show  light 

micrographs  of  the  specimens.  Periosteal  surface  is  to  the  left.  The  section  contains  the  entire 

HcB/23  cortical  thickness,  but  not  the  entire  HcB/8  cortical  thickness.  Center  panels  show 
pseudocolor  maps  of  collagen  cross  link  maturity  indices.  Right  panels  show  histograms  of  the 
cross  link  maturity  indices  for  all  the  valid  pixels. 

Figure  2.  FTIR  imaging  of  HcB/23  (top)  and  HcB/8  (bottom).  Left  panels  show  light 

micrographs  of  the  specimens,  taken  from  the  same  samples  as  figure  1.  Periosteal  surface  is  to 

the  left.  The  section  contains  the  entire  HcB/23  cortical  thickness,  but  not  the  entire  HcB/8 
cortical  thickness.  Center  panels  show  pseudocolor  maps  of  crystallinity  cross  link  maturity 
indices.  Right  panels  show  histograms  of  the  cross  link  maturity  indices  for  all  the  valid  pixels. 
Figure  3.  Correlation  length  (in  pixels)  vs.  correlation  coefficient.  Note  that  all  of  the  samples 
have  a  more  or  less  linear  region  for  small  r.  HcB/8  =  +  and  HcB/23  =  X.  The  dotted  lines  show 
the  minimum  and  maximum  linear  coefficients  relating  correlation  length  and  correlation 
coefficent  from  the  initial,  linear  portions  of  the  correlation  functions. 
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Collagen  Cross-Link  Maturity  and  Crystallinity  Indices  Differ  Markedly  in  Recombinant 
Congenic  Mice  Having  Divergent  Calculated  Tissue  Strength 

R.  D.  Blankl,  M.  Kaufman*2,  S.  L.  Bailey*3,  S.  N.  Coppersmith*2,  T.  H.  Baldini*4,  A.  L. 
Boskey5,  P.  Demant*6,  E.  P.  Paschalis5. 
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Wisconsin,  Madison,  WI,  USA,  3Physics,  College  of  William  &  Mary,  Williamsburg,  VA,  USA, 
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The  structural  strength  of  a  bone  can  be  partitioned  into  architectural  and  material  components. 
In  3-point  bending  tests  of  6  month  old  female  humeri  from  the  HcB/Dem  recombinant  congenic 
series,  2  strains  differed  markedly  in  calculated  failure  stress  as  summarized  in  the  table.  We 
used  Fourier  Transform  Infrared  Spectroscopic  Imaging  (FTIRI)  to  determine  whether 
differences  in  collagen  cross-link  maturity,  crystallinity,  or  spatial  ordering  could  account  for  the 
large  difference  in  calculated  tissue  strength  between  these  2  strains  with  similar  mineral  content. 
Cross-link  maturity  and  crystallinity  were  assayed  as  the  absorbance  ratios  at  1660:1690  cm'1 
and  1030:1020  cm'1,  respectively.  One-dimensional  spatial  correlation  functions  were  estimated 
to  compare  the  uniformity  of  the  indices  within  fields.  For  HcB/8,  the  mean  cross-link  maturity 
index  is  1.654  and  the  median  is  1.641.  The  mean  and  median  HcB/23  cross-link  maturity 
indices  are  1.273  and  1.365,  respectively.  The  difference  in  cross  link  maturity  is  highly 
significant  (%2  =  1968,  9  df,  P  <  10'15).  For  HcB/8,  the  mean  and  median  crystallinity  index  are 
0.950  and  0.974,  respectively.  In  HcB/23,  the  corresponding  values  are  0.840  and  0.909.  As  for 
cross  link  maturity,  the  difference  between  the  strains  is  highly  significant  (%2  =  400,  6  df,  P  < 
10'15).  Cross-link  maturity  and  crystallinity  are  highly  and  similarly  correlated  in  both  strains, 
with  correlation  coeffecients  of  0.751  for  HcB/8  and  0.758  for  HcB/23  (P  <  10'16  in  both  strains). 
We  did  not  find  evidence  of  significant  differences  between  the  strains'  1 -dimensional  spatial 
correlation  functions.  The  high  correlation  between  cross-link  maturity  and  crystallinity  reflects 
the  interdependence  of  the  protein  and  mineral  elements  of  bone  matrix.  The  data  illustrate  the 
usefulness  of  FTIRI  to  examine  bone  quality  and  relate  it  to  biomechanical  performance. 
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HcB/8  and  HcB/23  Mice 

HcB/8  (N=10) 

HcB/23  (N=9) 

P  value 

Body  Mass  (g) 

19.9  ±  1.5 

23.5  ±1.1 

<  10'4 

Humeral  Length  (mm) 

11.1  ±  0.3 

11.3  ±0.2 

NS 

/  (mm) 

0.041  ±  0.009 

0.079  ±0.011 

<  10'6 

Failure  Load  (N) 

7.9  ±1.4 

8.1  ±0.9 

NS 

Structural  Stiffness  (N/mm) 

22  ±7 

23  ±  5 

NS 

Ash  Percentage 

68.6  ±1.0 

70.2  ±  1.5 

NS 

Failure  Stress  (MPa) 

192  ±36 

118  ±  13 

<  10'4 

